TPCs (two-pore channels) are NAADP (nicotinic acid-adenine dinucleotide phosphate)-sensitive Ca 2 + -permeable ion channels expressed on acidic organelles. In the present study we show that deletion of the N-terminal region redirects TPC1 to the ER (endoplasmic reticulum). The introduction of fluorophores at the N-terminus of TPC1 does not affect its subcellular location, but does reversibly abolish NAADP sensitivity. Our results reveal a dual role for the N-terminus in localization and function of TPC1.
INTRODUCTION
NAADP (nicotinic acid-adenine dinucleotide phosphate) is a potent and widespread Ca 2 + -mobilizing messenger [1] . It regulates processes as diverse as fertilization and differentiation [2] [3] [4] . Intriguingly, the bulk of the evidence available suggests that NAADP mobilizes Ca 2 + from acidic organelles, such as lysosomes [5, 6] . Indeed, there is a growing appreciation of acidic Ca 2 + stores in Ca 2 + -dependent function and dysfunction [7, 8] . This site of action for NAADP contrasts sharply with that of the Ca 2 + -mobilizing messengers inositol trisphosphate and cyclic ADP-ribose which release Ca 2 + predominantly from the ER (endoplasmic reticulum) [9] . NAADP-evoked Ca 2 + signals, however, appear to be amplified by ER Ca 2 + release [10] . NAADP is thus often described as a 'trigger' for the physiological Ca 2 + signals co-ordinating Ca 2 + -release events that derive from distinct Ca 2 + stores [11, 12] . There has been much interest in NAADP signalling of late following the identification of the TPCs (two-pore channels) as the long-sought target channels for NAADP [13] [14] [15] [16] . TPCs are poorly characterized members of the voltage-gated ion channel superfamily [17] . Three isoforms (TPC1-3) are present in most animals, including sea urchins [18] where the Ca 2 + -mobilizing properties of NAADP were first identified [19] . However, TPC3 has been lost in humans and rodents [18, 20] . TPCs are oligomeric glycoproteins [21] [22] [23] [24] . They possess a cytosolic N-terminal region, two homologous hydrophobic 'shaker'-like ion channel domains connected by a cytosolic linker and a cytosolic C-terminus [22] . Consistent with their role in mediating Ca 2 + release from acidic organelles, TPCs localize to the endo-lysosomal system [13, 14, 21, 25, 26] . TPC2 localizes predominantly to lysosomes through an N-terminal dileucine motif, whereas TPC1 is more broadly distributed throughout the endo-lysosomal system [27] . The molecular determinants of the subcellular targeting of TPC1 remain to be defined.
Overexpression of TPC1 or TPC2 potentiates NAADPevoked Ca 2 + release [13, 14, 25, 26, 28] . Conversely siRNA (small interfering RNA)-mediated silencing [13, 14, 29, 30] or gene deletion [14] of TPCs inhibits NAADP-evoked Ca 2 + release. Electrophysiological analyses confirm that TPCs form NAADPgated Ca 2 + -permeable channels [27, [31] [32] [33] . Intriguingly, recent photo-affinity labelling studies suggest that NAADP may not bind directly to TPCs, but rather to associated accessory subunits [34, 35] . TPCs have been shown to regulate differentiation [36] , smooth muscle contraction [37] and endothelial cell activation [38] consistent with previous studies implicating NAADP in these events [3, 39, 40] . Together these results from independent laboratories identify a central role for TPCs in NAADP action [15] , but there are conflicting reports regarding the sensitivity of TPC1 [13, 21] and TPC3 [18, 41] . Moreover, Wang et al. [42] have recently challenged the view that TPCs are targets for NAADP.
Structure-function analysis of TPCs is currently in its infancy. Mutations in the pore region reduce NAADP-induced Ca 2 + release and conductance revealing dominant-negative activity [13, 25, 27, 31, 32, 43] . Conversely, mutation of N-linked glycosylation sites potentiates NAADP-induced Ca 2 + release [22] . We know little about the steps leading to channel activation in response to NAADP. In the present study, we show that manipulation of the N-terminus of TPC1 has profound effects on both its subcellular distribution and activity. These effects are discussed in the context of a structural model of the N-terminal region of TPC1.
METHODS

Plasmids
pCS2 + plasmids encoding human TPC1 tagged at its N-or C-terminus with mRFP (monomeric red fluorescent protein; mRFP-TPC1 and TPC1-mRFP) were described previously in [22] and [13] respectively. TPC1 tagged at its N-terminus with GFP (green fluorescent protein; GFP-TPC1) was generated by replacing the mRFP tag of mRFP-TPC1 (situated between the BamHI and ECoRI sites) with the coding sequence of GFP. A sequence corresponding to the self-cleaving peptide Abbreviations used: ER, endoplasmic reticulum; GFP, green fluorescent protein; HEK, human embryonic kidney; mRFP, monomeric red fluorescent protein; NAADP, nicotinic acid-adenine dinucleotide phosphate; TPC, two-pore channel. 1 These authors contributed equally to this work. 2 To whom correspondence should be addressed (email patel.s@ucl.ac.uk). of the Thosea asigna virus [44] was amplified by PCR and inserted between the coding sequence of GFP and TPC1 at the ECoRI site of pCS2 + GFP-TPC1 to generate a construct encoding GFP-SC-TPC1. The template plasmid harbouring the self-cleaving sequence was kindly provided by Dr Masa Tada (University College London, London, U.K.). A deletion construct lacking the first 85 amino acids (TPC1 86-816 -GFP) was generated by PCR amplification using the primers 5 -CACCATCGATATGGCTAAGTTCTTCACCCAC-3 (forward) and 5 -CCTTGAATTCGAGGTAACGGTCTGGGAGCG-3 (reverse), and IMAGE clone 40148827 (GenBank ® accession number BC150203) as a template. The product was inserted inframe into pCS2 + -GFP at the ClaI and EcoRI sites to introduce GFP at the C-terminus. A schematic diagram summarizing the TPC1 constructs used in the present study is shown in Figure 1 (A).
Other methods
Culture, plasmid transfection, confocal microscopy, cytosolic Ca 2 + concentration measurements and Western blotting of SKBR3 and HEK (human embryonic kidney)-293 cells were performed as described previously [13, 27] . Modelling of residues 1-127 of human TPC1 (GenBank ® accession number AAI50204.1) was performed using the Robetta server (http://robetta.bakerlab.org/). 
RESULTS
Deletion of the N-terminal region redirects TPC1 to the ER
To define the role of the N-terminus of TPC1, we generated a C-terminally GFP-tagged deletion construct lacking the first 85 amino acids corresponding to the cytosolic N-terminal region ( Figure 1A ). As shown in the confocal images in Figure 1(B) , TPC1
86-816 -GFP was readily expressed similar to the full-length construct. However, whereas a punctate distribution was observed for TPC1-GFP, TPC1
86-816 -GFP displayed a more reticular distribution reminiscent of the ER ( Figure 1B) . Accordingly, coexpression of TPC1
86-816 -GFP with a marker for the ER resulted in substantial co-localization ( Figure 1C ). These data suggest that the N-terminus is necessary for the correct targeting of TPC1.
N-terminal tagging of TPC1 prevents activation by NAADP
To further probe the role of the N-terminus, we analysed the expression of TPC1 N-terminally tagged with mRFP ( Figure 1A) . We reasoned that introduction of a bulky fluorophore may disrupt the molecular interactions required for channel activity without disrupting subcellular location. As shown in the confocal images presented in Figure 2 (A), mRFP-TPC1 expression was readily observed. mRFP-TPC1 was expressed at comparable levels with TPC1 tagged at its C-terminus (TPC1-mRFP; Figure 2A ). Both constructs exhibited a punctate intracellular distribution and colocalized when co-expressed (Figures 2A and 2B) . Microinjection of mRFP-TPC1-expressing cells with NAADP resulted in only modest Ca 2 + signals ( Figure 2C ). This contrasts with the robust responses in cells expressing TPC1-mRFP ( Figure 2C ). Nterminal tagging of TPC1 thus substantially reduces NAADP sensitivity.
The inhibitory effect of N-terminal tagging on TPC1 activity is reversible
We tagged TPC1 at its N-terminus with GFP, a more commonly utilized tag [21, 42] . Expression constructs were generated with (GFP-SC-TPC) and without (GFP-TPC1) a self-cleaving peptide sequence placed between GFP and the initiating methionine in TPC1 ( Figure 1A) . The self-cleaving peptide sequence was derived from the insect virus T. asigna [44] . We compared the subcellular distribution of GFP in cells expressing the two constructs. As shown in Figure 3(A) , a typical punctate intracellular distribution was observed in cells expressing GFP-TPC1. In contrast, a more diffuse pattern of GFP fluorescence was observed in cells expressing GFP-SC-TPC1 consistent with cleavage ( Figure 3A) . Cartoon showing the predicted structure of residues 1-127 of human TPC1 highlighting a putative helix (green) within the cytosolic region flanked by glutamate (red) and serine (yellow) residues. The position of the first membrane-spanning region (S1) is also shown.
Western blot analysis of cells expressing GFP-TPC1 and GFP-SC-TPC1 was performed using anti-TPC1 and anti-GFP antibodies ( Figure 3B ). The anti-TPC1 antibody showed expression of two major bands probably corresponding to core and fully glycosylated TPC1 [22] in cells expressing GFP-TPC1 and GFP-SC-TPC1. The intensity of the bands was similar for the two constructs, however, the molecular mass of GFP-SC-TPC1 was significantly lower than that of GFP-TPC1. This is again consistent with cleavage of the fluorophore in GFP-SC-TPC1. Experiments with an anti-GFP antibody confirmed further the cleavage of GFP. Thus a band corresponding to the expected size of GFP was observed in cell lysates prepared from cells expressing GFP-SC-TPC1, but not GFP-TPC1 ( Figure 3B) . A higher molecular mass band probably corresponding to uncleaved TPC1 was also observed, but its intensity was substantially lower than GFP-TPC1. Taken together, these lines of evidence suggest that a self-cleaving peptide can be used to remove GFP from the N-terminus of TPC1 in live cells.
In cells expressing GFP-TPC1, NAADP evoked modest Ca 2 + signals ( Figure 3C ) similar to cells expressing mRFP-TPC1 ( Figure 2C ). However, robust responses were recorded in cells expressing TPC1-SC-GFP ( Figure 3C ). These data further indicate that the introduction of an N-terminal tag disrupts the functionality of TPC1 and that this loss of function can be reversed by removal of the tag in vivo.
DISCUSSION
In the present study, we reveal a requirement for the N-terminus of TPC1 in the trafficking and activation by NAADP. The cytosolic region of the N-terminus (residues 1-85) is highly acidic (predicted pI value of 3.76) and serine-rich (13/85 residues; ∼15 %). Given its importance, we generated a structural model for the first 127 residues of TPC1 extending to the first of the hydrophobic membrane-spanning segments (Figure 4) . We used an ab initio approach for modelling given the lack of suitable template crystal structure. We note a prominent helix within the cytosolic region (residues 63-79) flanked by a stretch of serine and glutamate residues (Figure 4) . Previous studies showed that deletion of residues 3-25 of TPC2 harbouring a conserved endo-lysosomal-targeting sequence redirected TPC2 to the plasma membrane, but similar manipulation of the TPC1 N-terminus did not [27] . The molecular determinants of TPC1 subcellular targeting are thus unclear. The results of the present study show that the complete removal of the N-terminus results in ER targeting (Figure 1 ). The N-terminus thus plays a role in the trafficking of TPC1, but probably through a mechanism different to that of TPC2. A noteworthy parallel is with plant TPC where a similar deletion (residues 1-64) targets the construct to the ER [45] . These data can be explained by disruption of ER export signals upon the removal of N-terminal residues. Although ER export signals in membrane proteins are normally found in the C-terminus, we note the presence of one such signal (a di-acidic motif; EGE) in the N-terminus of TPC1. Interestingly, this site was found within the predicted helical region (Figure 4) . A helical region is also found in the N-terminus of plant TPC1 [45] , perhaps pointing to a conserved role in targeting.
Consistent with previous studies by us [13, 18, 27] and others [25, 29] , overexpression of C-terminally tagged TPC1 potentiates NAADP-mediated Ca 2 + signals. These studies, together with demonstrable blockade of endogenous NAADP responses by TPC1 knockdown and overexpression of pore mutants measured by Ca 2 + imaging [13] or independent single-channel recordings [31] , constitute the core evidence that TPC1 is an NAADP target.
In the present study we show that N-terminally tagged constructs are inactive (Figures 2 and 3) . Lack of NAADP sensitivity was not due to a lack of expression or mislocalization as the levels and distribution of N-and C-terminally tagged TPC1 were similar (Figure 2 ). TPCs belong to the voltage-gated ion channel superfamily [17] and, as shown recently, activation of TPC1 by NAADP is voltage-sensitive [31] . Given their duplicated domain architecture, they are thought to be evolutionary intermediates between one repeat K + channels and four repeat Na + /Ca 2 + channels [46] . N-terminal tagging of the voltage-gated Ca 2 + channels which show the highest level of sequence similarity with TPCs does not abolish activity, but does prevent the dominantnegative activity of pathologically relevant truncated constructs [47] . Such data are indicative of N-terminal interactions in voltage-gated Ca 2 + channels that might also be conserved in TPCs and required for channel activation. Alternatively, Nterminal tagging may prevent interaction with essential coregulatory proteins, perhaps through electrostatic interactions given the acidic nature of the N-terminus. That a serine-rich region is found within the N-terminal region points to potential phosphoregulation by interacting kinases. Recent studies suggest that NAADP sensitivity of TPCs is conferred by associated small-molecular-mass binding proteins [34, 35] . This raises the possibility that the site of interaction is within the N-terminus. Further studies are required to address the mechanism whereby N-terminal tagging abolishes the NAADP sensitivity of TPC1.
We note the use of an N-terminally GFP-tagged TPC1 construct in the studies by Zong et al. [21] . In that study, overexpression of TPC1 did not potentiate NAADP-mediated Ca 2 + signals. The results of the present study provide a potential explanation for the apparent lack of activity. Wang et al. [42] also used Nterminally tagged TPC1 constructs and failed to observe NAADP sensitivity. Additionally, the reported NAADP insensitivity of sea urchin TPC3 is noteworthy given the use of an Nterminally tagged construct [41] particularly in light of previous studies showing NAADP sensitivity of C-terminally tagged construct [18] . The NAADP sensitivity of N-terminally tagged TPC2, however, is demonstrable by both Ca 2 + imaging and electrophysiological analysis [21, 32] . This suggests that blockade maybe isoform specific. Indeed, the N-termini of TPC isoforms vary substantially in length and overall sequence identity [48] . Re-evaluating NAADP sensitivity of TPC isoforms is warranted.
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